Melatonin (N-acetyl-5-methoxytryptamine) is an animal hormone synthesized predominantly at night. It often serves as a signal of darkness that regulates circadian rhythmicity and photoperiodism. Melatonin has also been found in algae and higher plants, including the short-day flowering plant Chenopodium rubrum. To test its involvement in plant photoperiodism, melatonin solutions were applied to the cotyledons and plumules of 5-day-old-seedlings of Chenopodium rubrum L., ecotype 374.
Introduction
Melatonin (N-acetyl-5-methoxytryptamine) was originally identified as an animal hormone in 1958. It regulates various physiological processes in vertebrates, including circadian rhythmicity and photoperiodism. Melatonin production is driven by a circadian rhythm. Melatonin blood levels are usually high at night and low during the day and the duration of high melatonin content is proportional to the night length. Thus, the daily profile of melatonin concentration could serve as a time cue that informs cells about the time of the day and the season of the year. Exogenous melatonin application can 'mimic' darkness and therefore affect circadian rhythms and photoperiodic responses of many animals (reviewed, e.g. in Reiter 1993 , Vaneˇcˇek 1998 , Goldman 2001 . For instance, melatonin applied in long days causes a shortday response (an advance of the breeding season) in sheep (Robinson et al. 1991) . In vertebrates, melatonin binds to membrane receptors (Dubocovich et al. 1998) and possibly to nuclear receptors (Wiesenberg et al. 1995) . It can also directly interact with Ca 21 -calmodulin (Benı´tez- King et al. , 1996 and possibly with tubulin (Benı´tez- . Melatonin also reacts with free radicals and may function as a radical scavenger in vivo (Reiter 1997) .
Melatonin was also found in many invertebrates and algae (reviewed in Hardeland and Fuhrberg 1996) . The possibility that melatonin may control rhythmicity and photoperiodism in photosynthetic organisms was raised by findings in the dinoflagellate Lingulodinium polyedrum (formerly named Gonyaulax polyedra). Melatonin levels oscillate with a night maximum in this photosynthetic unicell (Poeggeler et al. 1991 ) and its exogenous application in long days promotes the loss of cell walls that is otherwise induced by short days in cool temperatures . Melatonin presence was reported also in many higher plants (e.g. Dubbels et al. 1995 , Hattori et al. 1995 , Van Tassel et al. 2001 . Notably high amounts occur in seeds of various species (Manchester et al. 2000) and in several medicinal plants (up to 4 mg g À1 dry weight in Hypericum perforatum flowers; Murch et al. 1997) .
We decided to investigate melatonin involvement in the photoperiodism of the model plant Chenopodium rubrum, which is a qualitative short-day flowering dicotyledonous plant (Cumming and Seabrook 1985) . Ecotype 374, which was used in our studies, is induced to flower by a single 12-to 13-h-long darkness at the age of only 4-5 days, minimizing space and time requirements for experiments (Ullmann et al. 1985) . We have previously identified melatonin in C. rubrum shoots by liquid chromatography/mass spectrometry (Kola´r˘et al. 1997) . As in animals and Lingulodinium, we found that melatonin levels exhibit a diurnal rhythm with a night peak in 25-day-old C. rubrum plants grown in a photoperiodic regime. The timing of this peak relative to lights off depends on night length and could thereby relay photoperiodic information (Wolf et al. 2001) . These results led us to test whether melatonin application affects the photoperiodically induced flowering of C. rubrum.
Materials and methods

Chemicals used
Methanol (Lichrosolv, gradient grade for liquid chromatography) was purchased from Merck KGaA (Darmstadt, Germany), [methoxy-3 H 3 ]melatonin (specific activity 3.0 TBq mmol À1 ) from Biotrend Chemikalien GmbH (Cologne, Germany), 2-I-melatonin from Tocris Cookson Ltd. (Bristol, UK). CGP 52608 was kindly donated by I. Wiesenberg (Novartis International AG, Basel, Switzerland). All other chemicals were purchased from Sigma-Aldrich s.r.o. (Prague, Czech Republic).
Cultivation of plants
Seeds of Chenopodium rubrum L., ecotype 374, were sown onto wet filter paper and germinated for 14 h in light at 30 C, followed by 12 h of darkness at 10 C and 18-20 h of light at 30 C. Seedlings were planted into 96-well flat-bottom ELISA plates (one seedling per well). The wells were filled with perlite (particle size 0.4-0.8 mm) and had a 1-mm hole in the bottom to provide nutrient solution. The plants were then grown in the ELISA plates floating in a 0.25-strength Knop nutrient solution in custom-built growth chambers. Growth conditions were continuous light (Osram cool white fluorescent tubes; fluence rate 130 mmol m À2 s À1 at the plant level), constant temperature (20±0.5 C), and approximately 80% relative humidity. At the age of 5 days, when about 50% of seedlings had their cotyledons fully open to a horizontal position, all plants without fully opened cotyledons were discarded. Six hours after this selection, the plants were exposed to a single dark period (length indicated in Results). Melatonin and other compounds were applied usually 1 h before lights off or at other times indicated in Results. All manipulations in darkness were performed under a dim green light. For flowering experiments, plants were grown in continuous light for nine more days after the end of darkness. Flower differentiation and height of the shoot apex were then determined under a stereomicroscope (Carl Zeiss, Jena, Germany) according to Ullmann et al. (1985) . 15-30 (usually 20-25) plants were evaluated in each experimental sample. Both the percentage of flowering plants and the mean shoot apex height were calculated; these parameters mutually correlate, their high values indicating a strong flowering response (Ullmann et al. 1985) .
Treatment of plants with chemicals
Melatonin
(N-acetyl-5-methoxytryptamine), 6-Clmelatonin, 2-I-melatonin, 5-methoxytryptamine, and CGP 52608 (1-[3-allyl-4-oxo-thiazolidine-2-ylidene]-4-methylthiosemicarbazone) were dissolved in dimethyl sulfoxide (DMSO) and then diluted with deionized water to desired concentrations. Serotonin (5-hydroxytryptamine) was dissolved in water and DMSO was then added to the solutions. Three microlitres of either control (0.02% v/v DMSO and 0.0075% w/v Tween 20 in water) or chemical-containing (same as the control except for presence of the chemical tested) solutions were applied onto the plumule and upper surface of the cotyledons of each plant. The highest concentration applied was usually 500 mM but only 300 mM for 2-I-melatonin and CGP 52608 due to their limited solubility in water.
Measurement of 3 H-melatonin uptake
Chenopodium rubrum plants were cultivated as above and exposed to a 12 h darkness starting 6 h after the selection at the age of 5 days. The treatment solution (same as described above) contained 500 mM melatonin and 55 Bq ml À1 of [methoxy-3 H 3 ]melatonin. Three microlitres were applied to the plumule and cotyledons of each plant 1 h before the beginning of darkness. Whole plants (10 per sample) or plant segments were harvested at various times after the treatment, briefly rinsed in ethanol and then three times in water and frozen in liquid nitrogen. The samples were ground in a mortar, extracted (30 min, 20 C, orbital shaker) with 2 ml of 80% methanol, and centrifuged (10 min, 13 000 Â g, Jouan (Saint Herblain, France) KR 22i centrifuge). The whole supernatants were mixed with 10 ml of EcoLite (ICN, Costa Mesa, CA, USA) scintillation cocktail and 3 H radioactivity was measured with a TRI-CARB 2900TR (Packard, Meriden, CT, USA) liquid scintillation analyser.
Measurement of 3 H-melatonin metabolism
Chenopodium rubrum plants were cultivated, treated with 500 mM melatonin and 3 H-melatonin, and harvested as described in the previous section. Samples were ground in a mortar, extracted (1 h, orbital shaker) with 2 ml of 80% methanol 1 100 mg ml À1 of the antioxidant 2,6-ditert-butyl-4-methylphenol (BHT), and centrifuged (10 min, 13 000 Â g, Jouan KR 22i). The supernatant was passed through a SepPak Plus C18 cartridge (Waters) which was then rinsed with 1 ml of 80% methanol 1 BHT. The combined eluate was evaporated in vacuo at 40 C. The whole purification was carried out in darkness at 4 C. Evaporated samples were dissolved in 50% methanol and fractionated by HPLC (PU 4850; Pye Unicam) with a Spherisorb 5 ODS 1 column (4.6 mm I.D. Â 250 mm, Sigma) using mobile phase A: 0.05 M citric acid, 0.05 M sodium acetate, 10% (v/v) methanol, pH 4.6 and mobile phase B: 80% (v/v) methanol. A stepped gradient was run at 45 C and 400 ml min À1 flow rate: 0-30 min, 62-50% A; 30-32 min, 50-0% A; 32-43 min, 0% A; 43-45 min, 0-62% A; 45-65 min, 62% A. To determine 3 H-melatonin content in plants, fractions with retention times corresponding to 3 H-melatonin standard were collected and radioactivity measured as described in the previous section. When calculating the percentage of the applied 3 H-melatonin present in plants, the purity of the applied 3 H-melatonin (87%, determined by the HPLC method) and recovery of the extraction procedure (79%, estimated from test samples identical to the experimental tissue) were considered.
Statistical procedures
When a flowering experiment was repeated several times, statistical significance of the results was evaluated by appropriate methods. Significance level was alpha ¼ 0.05 0.05 if not stated otherwise. Data were processed by the statistical software NCSS 6.0.21.
Log-linear models with three factors were employed to analyse the frequencies of flowering plants. Flowering was considered as a binary variable (0 -non-flowering, 1 -flowering), treatment (concentration of a compound or application time) and experiment were two other discrete variables. The significance of interactions between flowering and treatment was used to assess if flowering of the plants is significantly influenced by treatments. Log-linear models were mainly used: (1) to test the null hypothesis that frequencies of flowering plants are equal among all included treatments; (2) to test if flowering is equal between each pair of treatments in some experiments -see letters in Figs 1 and 5, (3) to test the null hypothesis that flowering after melatonin treatment does not significantly differ from control treatment at the same application time in experiments with melatonin application at various times.
The effect of treatments on height of the shoot apex was analysed by the mixed model of analysis of variance. Treatment was considered as a variable with fixed effect and experiment as a random variable. Differences among treatments were detected by Tukey-Kramer multiple comparison test.
Results
Effect of exogenous melatonin on flowering
One or 10 mM melatonin did not promote flowering in C. rubrum when applied 2 h before the beginning or during a single 6-to 8-h non-inductive darkness (data not shown).
However, higher concentrations of melatonin applied 1 h before the beginning of a 12-h dark period onto the cotyledons and apical meristems of 5-day-old C. rubrum plants affected flowering. The frequencies of flowering plants were significantly different in response to different concentrations. Concentrations of 100 and 500 mM melatonin reduced the percentage of flowering plants in comparison with control, from 81 to 62 and 47%, respectively (Fig. 1) . The height of the shoot apex was also slightly reduced by melatonin application but the differences were not statistically significant (data not shown).
Melatonin was not toxic to the plants in any of the concentrations used. On the day of flowering evaluation, melatonin-treated plants had the same leaf colour, stem height, and number of macroscopically visible leaves as the control plants. Vegetative growth was not inhibited by melatonin because plants kept in continuous light and treated with 500 mM melatonin at the age of 5 days had an average of 5.3 pairs of leaves and leaf primordia when 14 days old, in comparison with 4.8 pairs in untreated plants.
Uptake, metabolism, and transport of applied melatonin Uptake of 500 mM melatonin applied 1 h before a 12-h darkness was investigated by adding 3 H-melatonin to the treatment solution. Approximately 60% of the applied radioactivity was taken up by the seedlings within 5 h. Total uptake reached about 80-90% of radioactivity Physiol. Plant. 118, 2003 within 37 h from application ( Fig. 2A) 
H-melatonin content in plants showed that melatonin imported into the plants was very stable and was almost not metabolized during 37 h after application (Fig. 2B ). An experiment measuring organ distribution of radioactivity taken-up revealed that nearly all 3 H was localized in the cotyledons and apices. Only 0.5-1.6% was transported into the stems and 0.1-0.2% into the roots. This distribution was the same in plants sampled 5, 13 and 37 h after melatonin treatment.
Melatonin application at various times relative to a 12-h darkness
The effect of 500 mM melatonin on flowering depended on the time of application before, during, or after a 12-h dark period. The percentage of flowering plants was significantly different among application times for melatonin treatment, whereas no significant difference was found for controls. The 500 mM melatonin treatment significantly inhibited flowering when applied at times from 3 h before to 6 h after the beginning of darkness. Later application had no effect (Fig. 3) . The height of the shoot apex followed the same trend, with significant reduction by melatonin before or during the first half of darkness (data not shown).
Effect of melatonin on the endogenous rhythm in photoperiodic time measurement
Chenopodium rubrum exhibits a circadian rhythm in time measurement for photoperiodic induction of flowering. When plants grown in continuous light are exposed to a single darkness of varying duration, the first maximum of flowering occurs after a 12-h darkness and two more maxima follow with a period of about 30 h.
The effect of melatonin on this rhythm was investigated by applying 500 mM melatonin 1 h before the beginning of 9-to 18-h dark periods (around the first peak of flowering) or 1 h before 41-to 47-h dark periods (the second peak). The highest flowering of controltreated plants was observed after 12 or 45 h of darkness, respectively. Melatonin did not shift the timing of maximal flowering but suppressed flowering induced by all night lengths tested in comparison with respective control plants (Fig. 4) . The same pattern was observed for the height of the shoot apex (data not shown).
Effect of melatonin agonists and related indoleamines on flowering
Two agonists binding to animal membrane receptors for melatonin (6-Cl-melatonin and 2-I-melatonin), an agonist binding to putative nuclear melatonin receptors (CGP 52608) and two indoleamines related to melatonin (5-methoxytryptamine and serotonin) were tested. All compounds except 5-methoxytryptamine affected flowering when applied 1 h before the beginning of a 12-h darkness (significantly different frequencies of flowering plants among concentrations). Only 500 mM 6-Clmelatonin significantly reduced flowering, whereas 2-Imelatonin and serotonin were efficient inhibitors from 100 mM concentration and CGP 52608 from 20 mM concentration (Fig. 5) . The height of the shoot apex was also reduced by all chemicals except 5-methoxytryptamine, but although statistically significant, the decreases were not as profound as the inhibition of flowering (data not shown).
None of the compounds caused any visible damage or growth inhibition to the plants in any of the concentrations used in the experiments. 
Discussion
In many mammals, as well as in the dinoflagellate Lingulodinium polyedrum, melatonin application in long days causes short-day photoperiodic reactions. We therefore first attempted to employ a similar protocol in the short-day flowering plant C. rubrum. However, melatonin failed to promote flowering in plants exposed to a single short darkness. Instead, we found that higher concentrations of melatonin inhibit flowering induced by a 12-h dark period and we decided to investigate this phenomenon in more detail.
Melatonin application significantly reduced photoperiodic flowering of 5-day-old C. rubrum plants (Fig. 1) . This suggests an action of melatonin on photoperiodic flower induction and/or flower development in C. rubrum. Reports about melatonin effects in higher plants are still scarce and many of them, for example an inhibition of onion root growth (Banerjee and Margulis 1973) , an inhibition of lettuce seed germination induced by a red-light pulse (D. L. Van Tassel 1997. Thesis, University of California, Davis, CA, USA), or a reduction of Arabidopsis vegetative growth (Edmonds et al. 2000) could be explained by toxicity of the high melatonin concentrations used. In contrast, melatonin inhibited flowering in C. rubrum without negatively affecting growth.
The measurements of the uptake and metabolism of exogenous melatonin indicated that up to 90% of the applied amount was taken up by the cotyledons and stem apex ( Fig. 2A) . Considering the fresh weight of these organs, the overall concentration in them can rise to the range of 10 À7 mol g À1 fresh weight, several orders of magnitude more than endogenous levels of 10 À12 mol g À1 fresh weight or less (Kola´rˇet al. 1997 ). However, tissue or subcellular distribution of applied melatonin is unknown, so a lower concentration in the yet unidentified target cells cannot be ruled out. When melatonin was applied 1 h before the beginning of an inductive 12-h darkness, high melatonin levels inside the plant were reached during the first half of darkness and were maintained until at least 24 h after lights on (Fig. 2b) . Exogenous melatonin could therefore influence both photoperiodic induction of flowering and/or subsequent developmental processes in the shoot apical meristem.
The transition from vegetative to generative development is a complex sequence of events in C. rubrum, including night length measurement by leaves or cotyledons (Cumming and Seabrook 1985) , transport of a flowering signal(s) from these organs to the shoot apex (King 1972) , growth changes in the apical meristem leading to flower morphogenesis (Seidlova´and Sa´dlı´kova1 983), etc. To identify the steps affected by melatonin, plants were treated with 500 mM melatonin at various times relative to a single 12-h night. Melatonin was efficient when applied 3 h before lights off or during the first half of darkness but not later (Fig. 3) . Because melatonin uptake is relatively fast, it can be inferred that melatonin reduces flowering only when its high levels are present in cotyledons and/or stem apex before the end of darkness. Obviously, melatonin controls some of the early steps of the flowering process.
The first step of flower induction in C. rubrum is the measurement of night length by a circadian oscillator (Cumming and Seabrook 1985) . Even though 500 mM melatonin applied 1 h before lights off suppressed flowering, it did not change the positions of the peaks of this rhythm (Fig. 4) . This demonstrates that none of the fundamental properties of the rhythm (phase, period) are affected by melatonin. A treatment of C. rubrum cotyledons with melatonin or its agonist CGP 52608 also did not change either phase or period of a circadian rhythm in vertical cotyledon movement (J. Kola´rˇand H. Sˇtorchova´, unpublished results). Taken together, melatonin possibly does not control circadian rhythms of C. rubrum in general, and it certainly does not influence its photoperiodic time measurement. Therefore, the exact early step(s) of flower induction that are sensitive to melatonin remain to be identified.
What may be the mechanism of the melatonin effect on flowering? Melatonin agonists and related indolcamines were tested to address this question (Fig. 5) . 6-Clmelatonin and 2-I-melatonin are agonists of vertebrate membrane melatonin receptors Takahashi 1987, Dubocovich et al. 1998) . The thiazolidinedione derivative CGP 52608 is an agonist of putative human nuclear melatonin receptors RZR/ROR (Wiesenberg et al. 1995) . In addition, CGP 52608 has the same stimulative effect as melatonin on encystment of several dinoflagellate species (Tsim et al. 1996) . 5-methoxytryptamine binds only very weakly to vertebrate melatonin receptors Takahashi 1987, Stankov et al. 1991) but is much more potent than melatonin in inducing cyst formation in Lingulodinium polyedrum . Serotonin (5-hydroxytryptamine) is an animal neurotransmitter but it was also found in several plant species (Udenfriend et al. 1959 ). All of these compounds except 5-methoxytryptamine inhibited flowering in a concentration range similar to melatonin (Fig. 5) . The insensitivity of C. rubrum to 5-methoxytryptamine shows that the inhibition of flowering is indeed a melatonin-specific response. No melatonin receptors or binding sites have so far been identified in plants. But the activity of both membrane and nuclear melatonin receptor agonists in C. rubrum raises a possibility that some melatonin receptor (s) exist in higher plants. Serotonin might either inhibit flowering by itself or be metabolized to melatonin.
The data presented here support the hypothesis that melatonin might be a novel plant hormone. It occurs in low quantities in C. rubrum (Kola´rˇet al. 1997 ) and its application (as well as some of its analogs) affects an important developmental process of this plant (flowering). However, the melatonin concentrations required for the inhibition of flowering exceed the endogenous levels by several orders of magnitude (see above). Other possible mechanisms of melatonin action should therefore be also considered. These include:
(1) Exogenous indole-3-acetic acid (IAA) also suppresses C. rubrum flowering. IAA application is efficient in a longer time window than that of melatoninbefore or during a 12-h darkness as well as several hours after its end (Pavlova´and Krekule 1990) . Melatonin is an indole derivative like IAA so it might at least hypothetically activate IAA receptors or be metabolized to IAA. However, applied melatonin was very stable in C. rubrum (Fig. 2B) . Moreover, melatonin had no IAA-like activity in two systems studied. It did not promote elongation of wheat coleoptile segments (J. Kola´rˇ, unpublished results) and it did not induce phototropic bending of decapitated Coleus shoots (Edmonds et al. 2000) .
(2) In high concentrations (10 À5 À10 À4 M), melatonin promotes microtubule depolymerization in some animal cells, possibly by non-specific binding to tubulin (reviewed in Benı´tez- . It has been reported that 8 Â 10 À4 M melatonin causes mitotic arrest in onion root tip cells (Banerjee and Margulis 1973) . Thus, melatonin could also inhibit cell division in C. rubrum apical meristem which intensifies 1 day after the inductive photoperiodic treatment (Seidlova´and Sa´dlı´kova´1983). Nevertheless, such a disruption of cytoskeleton in the apex of C. rubrum is not very likely. First, it would probably negatively affect also the rate of leaf initiation in vegetative plants which was not observed. Second, the melatonin effect on microtubules is not universal among plants: cells of the tobacco cell culture BY-2 exposed to 500 mM melatonin for 30 min or 24 h had normal arrangement of cortical microtubules (A. Č erna´and J. Petra´sˇek, personal communication). (3) Melatonin binds to Ca 21 -calmodulin from sheep brain ) and acts as a calmodulin antagonist in some systems (Benı´tez-King et al. 1996) . Flower induction is inhibited by calmodulin antagonists in the short-day plant Pharbitis nil (Friedman et al. 1989) and also in C. rubrum. Importantly, the calmodulin antagonist trifluoperazine reduces C. rubrum flowering only when applied near the beginning of the inductive dark period (J. Martinec 1996. Thesis, Academy of Sciences of the Czech Republic, Prague, Czech Republic), resembling the timing of melatonin effect. Such indirect evidence should inspire further studies in this direction.
In conclusion, it has been demonstrated that the indoleamine melatonin inhibits photoperiodic flowering in C. rubrum. Some early step (s) of flower induction are probably influenced but not the circadian rhythm in photoperiodic time measurement. The effect appears to be specific to melatonin. Future research should focus on identifying the exact mechanism (s) of melatonin action by combining physiological and molecular biological approaches.
